Abstract: Norwegian oil and gas fields are relatively new and of high quality, which has led, during recent decades, to very high profitability both financially and in terms of energy production. One useful measure for profitability is Energy Return on Investment, EROI. Our analysis shows that EROI for Norwegian petroleum production ranged from 44:1 in the early 1990s to a maximum of 59:1 in 1996, to about 40:1 in the latter half of the last decade. To compare globally, only very few, if any, resources show such favorable EROI values as those found in the Norwegian oil and gas sector. However, the declining trend in recent years is most likely due to ageing of the fields whereas varying drilling intensity might have a smaller impact on the net energy gain of the fields. We expect the EROI of Norwegian oil and gas production to deteriorate further as the fields become older. More energy-intensive production techniques will gain in importance.
Introduction
Oil and gas are the lifeblood of contemporary industrial states, and their economies, and our global population has grown more or less in parallel with increases in the use of oil and gas. New concerns about "peak oil" raise serious questions about the future viability of oil and gas and of the economies
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based upon them [1] [2] [3] . Perhaps of equal concern is the increasing difficulty in obtaining oil and gas, both in terms of monetary costs and, of particular interest here, energy extraction costs. We need a consistent way of thinking about the meaning of the impacts of these factors on the magnitude of the future availability of various fuels. A critical issue missing from this debate is not how much oil is in the ground, or how much we might be able to extract, but rather how much we can extract with a significant energy surplus. In other words, what we need to know is the net, not gross, energy availability from oil. A second, related issue is the role of technology, which some argue can offset the depletion of easily accessible oil and gas reserves (generally with high EROI and therefore high net energy flows) by advances that allow the exploitation of more technically-challenging resources. But how energy intensive is advanced technology, especially when applied to challenging environments, and how does it affect net energy gain? Can the net energy gain from unconventional fields ever realistically offset the losses caused by depletion in conventional production?
The increasing energy cost of getting energy is perhaps best expressed as EROI (energy return on (energy) invested). EROI analysis offers a useful approach for looking at the advantages and disadvantages of a given fuel, its changes over time, and offers the possibility of looking into the future in a way that markets seem unable to do. Its advocates also believe that, in time, market prices must approximately reflect comprehensive EROIs, if appropriate corrections for quality are made and subsidies removed. Nevertheless we hasten to add that we do not believe that EROI by itself is necessarily a sufficient criterion by which judgments might be made, although it is the one we favor the most, especially when it indicates that one fuel has a much higher or lower EROI than others. In addition it is important to consider the present and future magnitude of the fuel, and how EROI might change if the use of a fuel is expanded. These concerns are developed in various ways in a series of older and recent papers that we and others have produced and that are reflected in this study [4] [5] [6] [7] [8] [9] .
The North Sea oil fields, discovered in the 1960s, represent one of the few major global oil developments in recent decades. There are about 400 fields in the North Sea, most producing oil, gas condensate and natural gas liquids. Collectively, these products are called petroleum. The overwhelming majority of the volume of North Sea oil is in the United Kingdom and Norway, with small amounts in Denmark and the Netherlands. Some fields are quite large. In Norway (Figure 1 ), for example, there are a total of 22 fields each containing over 500 million barrels of original recoverable resources (Table 1) . Likewise, in England there are a number of very large fields such as Brent and the Forties. The large fields were developed first and were extremely profitable. As of 2010, Norway is still reaping enormous financial profits from these fields but the production in both the English and Norwegian sectors has clearly peaked (for oil in 1999 and 2000 respectively, and now in terms of all energy production). These fields saved England from serious economic decline in the 1980s. The recent decline in production has been a serious contributor to the recent difficult economic and political conditions of the UK. The oil transformed Norway from a poor country to a wealthy one, especially since there are far fewer people in Norway to share the oil wealth. It is important to judge the past, present and future of these oil fields in both economic terms and in terms of their ability to provide net energy to their respective countries [12] . 
EROI
EROI is a tool used in net analysis. EROI is a simple but powerful way to examine the quality of an energy resource. What really matters to our economies is the net energy flow (not the gross) provided by our energy sector and this can be estimated through the EROI approach. EROI is calculated from the following simple equation, although the devil is in the details [6, 15] :
Energy returned to society Energy required to get that energy
Sometimes this equation is applied to finding energy, sometimes for producing it, and most usually and appropriately for both. It should not be used for computing the efficiency of, for example, going from crude oil to gasoline.
Getting values for the numerator is usually easy enough, at least in open societies. Estimates of the fuel produced, usually given in barrels or cubic feet, are multiplied by approximate energy values for that fuel (approximately 6.1 GJ per barrel of oil and 36 GJ per cubic meter of natural gas depending on the characteristics of the fuels).
Generating values for the denominator is usually difficult. The United States and the United Kingdom maintain official public records on the energy use of various sectors of the economy, including the oil and gas industry. These values are published approximately every five years. Data quality is often good. They apply to the entire national industry so it is difficult to see what they might be for particular projects. Brandt [9] has undertaken analyses for specific oil fields in California, but such analyses are rare. Table 2 is a summary of all EROIs for oil and gas that we are aware of. In general, the EROI for extraction of oil and gas for the United States has been decreasing from probably very high, although estimates in the early part of the last century are poorly known, to about 30:1 in the middle of the last century to roughly 10:1 or less today. This pattern is complicated by the tendency of EROIs to increase and decline in a pattern opposite to drilling intensity-in other words, doubling drilling intensity approximately halves the EROI value relative to the secular trend [4, 16] . Global values have tended to be about twice as high as US values but are declining similarly [8] . One would think that there would be a good database detailing the energy cost of all of the energy we exploit, since it seems very important to examine this process over time. One might even imagine that such data might be amongst the most important information our entire civilization needs to know. Unfortunately this is not the case, as there are only a few countries that maintain the raw data and make it public, let alone analyze EROI or insure quality control. In addition, there are large economic vested interests and political constituencies who argue that market prices alone are the best way to evaluate and rank fuels, and that scientific analyses undermine the "wisdom of the market". An even larger problem is that a large proportion (roughly half globally) of oil is produced by national oil companies (NOCs), which show little interest in making any of their information public or having it audited. What we do have is:
 Reasonably good data for the United States (but with declining comprehensiveness and perhaps quality), which has maintained for many years statistics on the energy used by all major industries, including oil and gas [19] [20] [21] [22] .  Similar data for the United Kingdom for a less extended period of time [23, 24] .  A fairly good database on dollar costs for a large majority of publicly traded oil and gas companies maintained by John S. Herold Incorporated (now IHS) [25] . In a previous paper we were able to derive energy intensities per dollar spent for the U.S. and the U.K. [8] . We combined these with the Herold data to estimate global energy costs of oil and gas extraction.
It would be useful to derive estimates from specific oil and gas fields to examine their EROI against the aggregate national values discussed above. We could also use this analysis to examine the impact of technology vs. that of depletion. While we do not know how either effect can be derived independently, their combined impact can be estimated by the time trend in EROI. In other words, there is a sort of "race" in which technological advancement is in constant contention with depletion.
The question of which is "winning" cannot be answered theoretically, but must be addressed empirically [26, 27] . We do this by assessing the time trends in the efficiency (i.e., EROI) with which we produce oil and gas. We need to know how much energy is returned to society in the form of oil and gas compared to that which is invested by the industry in getting it, and how that ratio is changing over time. If the energy return on that invested by the industry is increasing over time, then we would have evidence that new technologies are currently outpacing depletion, and vice versa. The rate of change of EROI may also give us some indication of how close we are to the critical point at which it takes as much energy to extract the resource as we gain through its production [7, 28] . Hence we use as our working hypothesis that the EROI of Norwegian oil and gas is declining. If this were true, it would indicate that depletion is more important than technological advancement in the Norwegian oil and gas industry, at least so far.
Methods
We use equation 2 to estimate the EROI of Norwegian oil and gas over the period of their production. The sum total of energy inputs and outputs over the life of most oil and gas fields is unknown simply because most oil and gas fields are still in production. For this reason we use a annual average calculation of EROI, that is, we divide energy output of the Norwegian oil and gas industry (E o , in MJ) in a given year by the energy input to the oil and gas extraction industry for that same year (E i , in MJ). Hence:
Where all terms are for a particular year, or more usually for a series of years.
Energy Outputs
Calculating energy output is easy because of the availability and organization of the data in national data base. We calculated the energy output of all petroleum components (oil, gas, condensate, NGL) from all oil and gas fields based on raw data supplied by the Norwegian Petroleum Directorate, NPD [29] . Norway shares three fields with Great Britain, namely Statfjord, Frigg and Murchison. The figures provided by NPD take into account only the Norwegian share of the production of these fields, plus all other fields in the territorial boundaries of Norway. Figure 2 shows the production from the very beginning of production in 1971 to 2008. An example of that data for the peak production year (2000) is given in Table 3 . Table 4 gives estimates of the energy value of these data and the conversions used. 
Energy Inputs
There are various categories of energy inputs and each requires different means of estimating their value [30] :
(1) Direct energy is that used on the site to operate, for example, a seismic survey, turn a rotary bit, pump or pressurize a field, operate maintenance vehicles and so on. The data is usually derived from direct statistics on the site; (2) Indirect energy (or embodied energy) is used to make the materials used on site: for example steel forms, cement, vehicles and so on. There is generally little debate about the appropriateness of including direct and indirect energies (even though the question related to the boundaries of the analysis is more controversial). The other categories are more controversial but can include: (3) The energy cost of providing labor [28] ; (4) The energy cost of the energy required to build the infrastructure to use the energy in question (i.e., a truck or highway) [15] , and; (5) The energy cost of compensating for environmental damage. (6) The energy cost of financial services.
While we believe that these other categories (3) (4) (5) are very important we leave their discussion and consideration to other papers in this special issue [30] and elsewhere [7, 31] .
By relying on the data by Norwegian Petroleum Directory and Statistics Norway (values for both the direct energy consumption on site and also monetary values for various other categories, such as capital equipment expenditure and fuel expenditure), we were able to derive comprehensive, if somwhat imprecise, estimates of total energy used. Our EROI calculation in this paper is consistent with the standard EROI suggested by Murphy and Hall [30] . It refers to the energy cost and therefore the EROI value at the well head. According to Statistics Norway pipeline transport leads to additional energy costs adding approximately 5-10% to the direct energy costs at well head [32] . Thus EROI calculated on shore would be accordingly smaller. Table 4 for energy densities and conversions used.
On-Site Energy
Normally, energy companies use natural gas as much as possible in the fields since oil is more valuable and gas is more difficult to transport. We were able to derive energy inputs used on-site (i.e., at the platforms) from two different sources:
(1) The first energy input is fuel consumed for all other aspects of petroleum production except drilling. We obtained detailed field-by-field consumption figures for gas (in scm, standard cubic meters) beginning in 1974 and for diesel (in liters) beginning in 1994. Additionally, we received aggregate diesel consumption figures for the years 1991-1993 [33] . The data covers only the fuel consumed for petroleum production (i.e., energy used to pump products or pressurize fields) but not the energy consumed in drilling. The data is compiled by the Norwegian Petroleum Directorate. An example of the data for Troll area is given in Table 5 . We estimated the Norwegian share of the diesel and gas consumed for the border fields Table 4 includes conversion factors to convert all values to toe. (2) Energy used to drill wells. The NPD data base provides the fuel consumption for petroleum production, but not the energy used to drill wells. Thus we need to know the direct fuel consumption for both exploratory and production drilling activities. 
Gas Oil
Statistical Bureaus usually publish energy consumption figures for various industrial sectors. Unfortunately, in the case of Norway the oil and gas sector is not included in the industrial energy statistics. However, Statistics Norway publishes very detailed data on investments in the oil and gas sector, including direct fuel consumption for drilling purposes, in monetary terms [36, 37] . It is divided into three sections (exploration, field development and fields on stream) and each section covers investments for services, drilling and commodities (Table 6 ). Fuels are covered under "commodities". We divided monetary investments for fuels by average fuel prices paid by Norwegian industry (Figure 3 ) to give fuel consumption for drilling in physical units (Figure 4) . The average fuel prices were obtained from Statistics Norway [38] . We used the price for light heating oil in our calculations since we assume the fuel used to be largely diesel oil. The values obtained this way might be underestimating the actual fuel consumption for drilling because the oil and gas industry obtains fuel for a lower price than the average price paid by the Norwegian industry. Table 6 gives a summary of the various categories of investment data for exploration and an example of our calculations for the year 2000. Figure 5 comprises all direct fuel consumption of the Norwegian oil and gas sector including both fuels used for production and fuels used for drilling. . Direct (on platform) diesel and gas consumption for petroleum production and fuel consumption for exploratory and production drilling in Norway.
Indirect Energy
The calculation of indirect energy is an attempt to estimate the energy consumption of materials, services etc. related to petroleum production by deriving the energy intensity (energy used per dollar or Krone) of an activity for which there is financial data. An estimate (4.01MJ/$) for the energy intensity of the Norwegian economy as a whole was calculated as follows: the Norwegian GDP (according to 
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Production drilling Diesel Gas current prices) [39] was inflation adjusted to 2005 using CPI [40] . Data on the Norwegian GDP is presented in Figure 6 . Figure 6 . GDP of the Norwegian economy in nominal and real terms.
The GDP (in 2005 NOK) was converted to US$ according to the exchange rate from the year 2005 (6.445 NOK/US$). The primary energy consumption of the Norwegian economy (excluding natural gas for flaring) was divided by this dollar value for each year to give the average energy use associated with each dollar spent for the country as a whole and all expenditures [41] . Primary energy consumption can be found in Figure 7 and the calculated energy intensity of the Norwegian economy in Figure 8 . Estimates for the indirect energy associated with the purchases by the petroleum sector were derived based on comprehensive investment data provided by Statistics Norway [36, 37] . The statistics give detailed information on commodities, services, administrative costs and drilling activities. We excluded the investments needed for fuel (which we had calculated independently). The costs given in current value were inflation-adjusted to 2005 and converted to US dollars (6.445 NOK/US$, average exchange rate for 2005). Table 6 gives a summary of the various categories of investment data for exploration and an example of our calculations for the year 2000. Figure 9 shows the indirect energy for the whole oil and gas sector for the time period 1991-2008. 
Data Quality Checks
We were able to derive three independent estimates of year-to-year total effort: dollars invested, direct energy invested and feet drilled [29] . Investment data allows us to separate various investments for drilling purposes (including both exploratory and production drilling) and other investments. We received data on fuel consumption for petroleum production (excluding production drilling) and we were able to develop estimates for fuel consumption for drilling purposes (including both exploratory and production drilling) based on investments in fuels and average fuel prices. There was a general correlation between drilling activity (measured in drilled km) and monetary investments for drilling, as well as between fuel consumption for drilling and investments for drilling. A modest correlation was found between drilling activity and drilling fuel consumption (Figures 11-13 ). 
Results
We found that the energy return on energy Investment (EROI) for Norwegian petroleum production ranged from 44:1 in the early 1990s to a maximum of 59:1 in 1996, to about 40:1 in the latter half of last decade (Figure 14) . The curve basically follows, and is dependent upon, the pattern of production over time (peak in oil production was in 2000 and peak in total petroleum production was in 2004). Approximately 74% of the energy cost is due to direct fuel consumption in production (i.e., pressurizing fields, lifting oil and so on), 2% is due to direct fuel consumption for drilling (including both exploratory and production drilling). The remaining 24% of energy cost is energy used indirectly in generating the needed infrastructure and services. Figure 14) . In terms of production, these values only take oil into account (they exclude gas, NGL and condensate). On the consumption side, however, it covers the whole energy consumption of the petroleum industry.
Discussion
These EROI values for Norwegian oil and gas reflect the very high quality of the North Sea oil fields, their high profitability, their newness and the impact of the high level of technology and human skills used. There are very few, if any, oil and gas resources today with such a favorable EROI. However, if the current rate of decline in EROI continues it will reach very low values in a relatively few decades. Like all petroleum-based wealth, Norway's present high living standard is likely to be a passing phenomenon, unless the country's wealth is prudently invested, financially and physically.
What are the reasons for the decline in the EROI estimates, especially since 1999? Probably the most important factor is that it appears that depletion is a somewhat more powerful force than technological improvement. A second effect is that of drilling intensity presented in Figure 15 . Previous studies have shown that exploitation efficiency in the petroleum industry declines when exploitation intensity increases [4, 16] . The integrated effects of depletion and variable drilling effort may also explain much of the variability in both the US and the global data. This data shows both a general secular decline over the entire period analyzed and a flattening or even an increase in EROI during periods of reduced drilling effort and a reduction during times of intense drilling. Figure 15 . Drilling activity (measured in drilled km) and EROI of the Norwegian oil and gas industry.
When looking closer at the Norwegian data, it seems that changes in EROI are mostly due to field age. However changes in drilling activity could also have a small impact on the calculated EROI values. Linear curves fitted to the data ( Figure 16) show that, since 2003, years with higher drilling activity lead to a slightly lower value of EROI whereas years with higher drilling activity lead to somewhat lower values of EROI.
The overwhelming share of the energy expenditures in the oil and gas sector is due to production ( Figure 10 ). Drilling activity uses only 2-4% of total direct fuel consumption of the industry. However, 23-54% of investments are caused by drilling activity, which means that a similar share of the indirect energy can be attributed to drilling. This way the share of drilling activity in the total energy cost (both direct and embodied energy) of the sector varies between 7-17%.
Between 1999 and 2001 there was an almost 30% increase in drilling activity and, in the same timeframe, a small decline in EROI. This increased drilling intensity may be the cause of a decline in EROI, and may not result in as much additional net energy delivered to society as would initially seem to be the case. The subsequent decline in drilling activity in 2001 to 2004 may have helped the EROI to increase again. Since 2003, the drilling activity has been oscillating between 700 and 800 km annually whereas EROI declined steadily by 25% from 2003 to 2008. It is most likely that this decline was caused by field depletion and it may continue as the Norwegian oil and gas fields continue to age [12] . A recent announcement by the Norwegian Petroleum Directory to enhance recovery in mature fields [42] could further deteriorate EROI of the Norwegian oil and gas production, since it requires often very energy intensive techniques such as nitrogen or CO 2 injection. Figure 16 . EROI of the Norwegian oil and gas production. Blue color refers to years with high drilling activity (over 700 km drilled annually) and brown color refers to years of low drilling activity (600-700 drilled km annually). Linear curves are fitted to the data based on the method of least squares. 
